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Abstract 
Competitive intransitivity is mostly considered outside the main body of coexistence 
theories that rely primarily on the role of niche overlap and differentiation. How the 
interplay of competitive intransitivity and niche overlap jointly affects species coexistence 
has received little attention. Here, we consider a rock-paper-scissors competition system 
where interactions between species can represent the full spectra of transitive-
intransitive continuum and niche overlap/differentiation under different levels of 
competition asymmetry. By comparing results from pair approximation that only 
considers interference competition between neighbouring cells in spatial lattices, with 
those under the mean-field assumption, we show that (1) species coexistence under 
transitive competition is only possible at high niche differentiation; (2) in communities 
with partial or pure intransitive interactions, high levels of niche overlap are not 
necessary to beget species extinction; and (3) strong spatial clustering can widen the 
condition for intransitive loops to facilitate species coexistence. The two mechanisms, 
competitive intransitivity and niche differentiation, can support species persistence and 
coexistence, either separately or in combination. Finally, the contribution of intransitive 
loops to species coexistence can be enhanced by strong local spatial correlations, 
modulated and maximised by moderate competition asymmetry. Our study, therefore, 
provides a bridge to link intransitive competition to other generic ecological theories of 
species coexistence.  
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Introduction 
The coexistence and exclusion of co-occurring interacting species has long been a major 
topic in community ecology (Hutchinson 1961, Tilman 1982). Many theories have been 
developed based on mechanisms operating between pairs of competitors, such as niche 
differentiation (MacArthur and Levins 1967, Angert et al. 2009, Chu and Adler 2015). In 
this regard, the modern coexistence theory (sensu Chesson 2000, Adler et al. 2007) has 
attributed species coexistence in a community to the balance of niche overlap and 
competition asymmetry. However, more complex networks of interactions, such as intra-
guild competition or intransitive competition, are not rare in natural communities. For 
instance, in a three-species system, an intransitive loop such as a rock-paper-scissors 
game can form if species A outcompetes B, species B outcompetes C, and species C 
outcompetes A. Although a winner can be identified between two species, no definite 
winner exists in such an intransitive loop, consequently reducing the chance of species 
extinctions. 
The role of intransitive competition in promoting species persistence and coexistence 
has been studied by many (May and Leonard 1975, Karlson and Jackson 1981, Huisman 
and Weissing 2001, Reichenbach et al. 2007, Allesina and Levine 2011). The number of 
involved species in an intransitive loop (i.e. the loop length) was highlighted to play a 
significant role in regulating species coexistence (Hui et al. 2004, Allesina and Levine 
2011, Gallien 2017a). Intransitive networks with an odd number of species often stabilise 
coexistence by weakening negative density dependence while those formed a loop of even 
numbers can amplify perturbation, destabilising ecological networks and leading to local 
extinctions (Allesina and Levine 2011, Vandermeer 2011). Intransitive competition has 
been observed in many natural systems (Kerr et al. 2002, Huisman and Weissing 1999, 
Sinervo and Lively 1996, Ulrich et al. 2016), although empirical support for intransitivity-
mediated coexistence is sparse. Kerr et al. (2002), in particular, tested this coexistence 
mechanism among microbial laboratory communities by rearranging bacterial cultures 
within a Petri dish. They found that the diversity of cyclically interacting bacteria could 
only be maintained with local interactions (i.e. without rearranging bacteria), while the 
diversity was rapidly lost when interactions happened over relatively large spatial scales 
(i.e. with rearranging bacteria). Apart from such laboratory experiments (Jackson and 
Buss 1975, Sinervo and Lively 1996, Lankau and Strauss 2007), the effects of intransitivity 
on species coexistence have also been inferred from species co-occurrence patterns that 
conform to these expected from a rock-paper-scissors game (Keddy and Shipley 1989; 
Freckleton et al. 2000; Ulrich et al. 2014; Soliveres et al. 2015). Since intransitive 
competition was normally the only contending mechanism in such studies, contrasting 
results have emerged, fuelling a sustained debate on the role of intransitivity in facilitating 
species coexistence. The relative contribution of such non-hierarchical interaction loops to 
biodiversity structuring in communities remains elusive (Grace et al. 1993, Saavedra et al. 
2017, Soliveres and Allan 2018).  
The integration of intransitive competition into the general species coexistence 
theory, like niche difference, has been advocated by many (Laird and Schamp 2006, 
Gallien 2017a, Godoy et al. 2017, Levine et al. 2017, Soliveres and Allan 2018). Several 
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et al. 2017; Gallien et al. 2018). In particular, Gallien et al. (2017b) built on the classic 
Lotka-Volterra competition model and developed a metric of the change in invasion 
growth rate to quantify the contribution of competitive intransitivity to species 
coexistence. With this metric, they considered an intransitive loop with a fixed level of 
pairwise niche difference and found that species coexistence can be either stabilised or 
destabilised depending on the length and the topology of interaction loops. Godoy et al. 
(2017) then compared two scenarios (with versus without niche difference) of a 
parameterised model and argued that competitive intransitivity alone does not promote 
stable coexistence. Weak competitive intransitivity, however, could emerge through 
adaptive diversification, and intransitivity was found to correlate with trait divergence 
(thus niche difference) (Gallien et al. 2018). These are studies only starting to build 
connections between intransitive interactions and traditional coexistence mechanisms. 
How the contribution of niche difference to intransitivity-mediated coexistence varies 
across the full spectrum of niche overlap/differentiation remains unknown (Soliveres and 
Allan 2018). 
Spatial structure can profoundly affect ecological and evolutionary systems, 
modifying species persistence, regulating interaction strengths and species coexistence 
(Nowak and May 1992, Savill and Hogeweg 1999, Law and Dieckmann 2000, Hui and Li 
2004, Yang et al. 2019). However, for the sake of simplicity and tractability, analytical 
results on competitive intransitivity have generally been developed under well-mixed 
assumption (Schreiber and Killingback 2013, Gallien et al. 2017b, Godoy et al. 2017, 
Gallien et al. 2018), often resulting in weak competitive intransitivity (Reichenbach et al. 
2007, Laird and Schamp 2015). Intransitivity is indeed less prevalent among mobile taxa 
in well-mixed environments (Soliveres et al. 2018) such as aquatic protists (Vandermeer 
1969), necrophagous insects (Ulrich et al. 2014) and microcosm bacteria (Friedman et al. 
2017). In contrast, an important feature of including spatial structure lies in the 
emergence of self-organised patterns of species distributions which usually act to enhance 
system stability and species coexistence (Durrett and Levin 1994, May 1994, Kaitala et al. 
2001, Johnson and Boerlijst 2002). Laird and Schamp (2008) have demonstrated the case 
with proliferated diversity when intransitivity-mediated coexistence occurs at local spatial 
scales. With dispersal limitation, the self-organised mobile clusters and leverage positions 
in spatial landscapes can explicitly interfere with biotic interactions between species, and 
the effects of such spatial structure should be considered when formulating intransitivity-
mediated coexistence (Karlson and Jackson 1981, Johnson and Boerlijst 2002, Zhang et al. 
2006, Laird and Schamp 2008; Rojas-Echenique and Allesina 2011, Schreiber and 
Killingback 2013, Postlethwaite and Rucklidge 2017). 
Here, we focus on a three-species interaction loop and extend the classic Lotka-
Volterra competition model, using pair approximation (PA) and cellular automata, to 
accommodate local spatial interactions. We then compare results with outcomes from a 
similar but non-spatial model (the mean-field version of the PA system). Pair 
approximation has been widely used in theoretical ecology (Matsuda et al. 1992, Webb et 
al. 2007, Liao et al. 2016, Yang et al. 2019) and is especially powerful to capture dynamics 
from local interactions between neighbouring individuals (Harada and Iwasa 1994, 
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such as cellular automata (Dieckmann et al. 2000, Webb et al. 2007). Furthermore, as the 
community matrix of pairwise interactions between all possible pairs of species largely 
determines the outcome of competition and the chance of species extinction (Hofbauer 
and Sigmund 1998, Laird and Schamp 2006, Schreiber and Killingback 2013), any changes 
of the matrix can potentially trigger shifts in the dynamical regimes of the community, 
switching among oscillation, chaos, stable coexistence and local extinction (Huisman and 
Weissing 2001). We, therefore, construct a community matrix governed by two 
parameters. The change of one parameter allows the system to continuously vary from an 
intransitive loop to a transitive network, while the change of the other parameter 
determines niche overlap between species. By calculating the change in invasion growth 
rate, a metric proposed by Gallien et al. (2017b) for quantifying the effect of competitive 
intransitivity on species coexistence, and evaluating its sensitivity to variation in 
intransitivity, niche overlap and competition asymmetry, as well as comparing outcomes 
from pair approximation (representing local spatial interactions) with those from the 
mean-field assumption, we are able to explore: (1) how niche difference between species 
affects the contribution of competitive intransitivity to species coexistence; and (2) how 
competition asymmetry and the spatial structure of species (co-)distributions affect the 
interplay of competitive intransitivity and niche differentiation, potentially facilitating 
species coexistence. This, we hope, will establish a theoretical link from competitive 
intransitivity to existing theories of coexistence that are predominantly based on niche 




We explore a three-species competition system on a spatial lattice with homogenous 
habitat. Each site can be either empty (0) or occupied by one individual of the three 
species, labelled by 1, 2 and 3 respectively. We assume that each individual can interact 
with, and send propagules to,   nearest neighbours. Specifically, we considered the von 
Neumann neighbourhood (   ). Let    be the probability (called the global density) of a 
randomly selected site in state   (=0,1,2,3). Let     be the probability (called the doublet 
density) of a pair of two neighbouring sites being in states   and  . Since doublets are not 
ordered        . Let      be the conditional probability (called the local density) of a 
randomly selected site, neighbouring a site in state  , is found in state  . By definition, 
           . Similarly, let       be the conditional probability of a randomly selected site, 
neighbouring the site in state   of a doublet of sites in states   and  , is found in state  , 
and we have                (     represents the corresponding triplet desnity). By 
definition, we have ∑     {       }   , ∑      {       }     and ∑       {       }   , and 
consequently we could reduce these probabilities to only nine independent ones:   ,     
and    , for           and    . For a large system where these stochastic transition 
events converge to the continuous rates of their averages (Turchin 2015), the system 
dynamics are described by the following equations: 
   
  
   (  ∑     
 
   )   (   ∑        
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where    and    are the intrinsic colonisation rate and death rate of species  ,     the  
competition strength of species   on  ,       the chance of choosing a specific 
neighbouring lattice,     the total number of species. The plus items of equations (1)-
(3) represent the colonisation of adjacent empty sites, while the minus items stand for 
mortality from three sources: natural mortality, intra- and inter-specific competition (see 
Supplementary Material Appendix S1 and Fig.1 for details).  
As local density      characterises the probability of vacant sites surrounding 
species i, while      and      respectively stands for the intra- and interspecific contact 
probabilities, the ratio      (         ) (                     ) therefore, quantifies 
the chance of an individual of species   encountering a conspecific individual relative to 
interacting with an individual of other species (  and  ). If the mean of this ratio over all 
species is greater than one, the species will have a greater chance to experience local 
intraspecific competition; otherwise, more interspecific competition is expected.  
As competition is assumed to occur only between adjacent individuals, such local 
interactions are more suitable for modelling sedentary organisms such as terrestrial 
plants and territorial animals (Gordon 1997, Dieckmann et al. 2000). With this assumption 
of local interactions between individuals from neighbouring sites, we followed the 
decoupling moment closure method of pair approximation (Sato et al. 1994, Dieckmann et 
al. 2000, Webb et al. 2007). According to the pair approximation of local interactions, we 
set            in the above equations so that the dynamical system can be fully 
expressed by its state variables:   ,      and      (    and          ; see 
Supplementary Material Appendix S1 for details). The analysis of coexistence conditions is 
conducted for the above system under the pair approximation.  
Please note that the pair approximation does not imply that non-adjacent individuals 
do not affect each other competitively. Rather, the effect of their interactions can be felt 
through a cascade of direct interactions between adjacent individuals, often leading to an 
exponential distance decay of interaction impacts between individuals. Interaction 
impacts with distance decay much slower (e.g. a power law in mobile species) need to 
consider higher orders in moment closure. 
 
Competition matrix  
Elements of the competition matrix,    , describe the impact of competition from species 
  on  . Different competition matrices correspond to different types of competition 
networks. To explore the role of intransitivity, we set                     
(indicating the competition asymmetry between species 1 and 2, and between species 2 
and 3, with     represents symmetric competition among these species) while 
assigning              (Fig.2). If       , species 3 has a competitive 
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To ensure that the system can continuously change from a pure intransitive loop to a 
transitive network, we fixed     to be positive, with      ranging from     (a 
pure intransitive loop) to  (   )   (akin to intraguild competition), i.e.    ranges 
within the interval           ]. Parameter   , therefore, controls the degree of 
competitive transitivity (i.e.      represents competitive intransitivity), while 
parameter   represents the degree of competition symmetry (i.e.     represents 
competition asymmetry). 
The degree of niche overlap between competing species   and   can be expressed by 
a function of intra- and interspecific competition coefficients as √(      ) (      ) 
(Chesson 2000). To ensure the niche overlap between any pair of species 
√(      ) (      )   , we assigned the intraspecific competition coefficients as 
    √   ⁄ ,      ( √  )⁄ , and    √   ⁄ . In particular, we chose the degree of 








   
 
 







.        (4) 
Evidently, how the three species perform and coexist depend on three parameters: niche 
overlap  , competitive intransitivity      and competition asymmetry    . Note, to 
highlight the roles of these three parameters, we set the intrinsic colonisation rate    and 
death rate    to be equal among species. 
 
Change in invasion growth rate 
To assess the impact of intransitivity on the outcome of competition, we computed the 
average change in invasion growth rate,   ̅̅ ̅̅ , proposed by Gallien et al. (2017b). The 
change in invasion growth rate for species i is defined as the following: 
    
∑ (       )
 
       
   
,         (5) 
where    is the invasion growth rate of species   when other species are set at their 
equilibrium while species   is invading the system with an extremely small propagule 
size;      represents the invasion growth rate of species   in the same system after 
removing species j. The term         suggests the invasion growth rate change for 
species   caused by the elimination of species  . As such,     describes the average 
change in the invasion growth rate of species   due to the removal of any other species in 
the system. If the system is an intransitive loop, the removal of one resident species can 
break the loop of interactions and reduce the overall invasion growth rate, while the 
opposite is true if species compete hierarchically with nonzero niche overlaps (Gallien et 
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     (removing species 2),    (without removing other species) and then     
according to the above formula. In our case, the invasion growth rates    was derived as 
the per-capita population growth rate (      )    when its population size was 
infinitesimal and the population sizes of other species at their equilibrium. The average 
change in the invasion growth rate of all species was finally computed,   ̅̅ ̅̅  (    
       )  ; see detail in Supplementary Material Appendix S2. Consequently,   ̅̅ ̅̅    
indicates the positive contribution of intransitivity to species coexistence, while   ̅̅ ̅̅    
reflects the negative contribution of transitive interactions to species coexistence.  
 
Mean field assumption 
Mean field assumption is normally implemented when modelling the dynamics of a well-
mixed system or one that does not exclusively reflect local interactions (Zhang et al. 2006). 
For comparison, we implemented the mean field assumption in our system by equating 
local densities to their corresponding global densities,                (       ). This 
simplifies the model to the following, 
   
  
   (  ∑   
 
   )   (   ∑      
 
   )  .   (6) 
This is similar to the model proposed by Taneyhill (2000). To compare with results from 
pair approximation, we also explored the effects of competitive transitivity (  ) and niche 
overlap ( ) in this mean-field system on the contribution of competitive intransitivity to 
species coexistence (  ̅̅ ̅̅ ) (see Supplementary Material Appendix S3). 
 
Cellular automata 
To verify the emergence of spatial patterns in our pair-approximation system, we 
developed cellular automata over a regular     square lattices (     ) with periodic 
boundary conditions. As the implementation of cellular automata inevitably introduces 
additional stochasticity into the system, we chose the large number of lattices and the 
periodic boundary to reduce the stochasticity and any boundary effects. Consequently, the 
stochastic dynamics from the cellular automata should converge to the rate dynamics 
depicted by the pair approximation. At each time step, the states of all lattice cells 
(=0,1,2,3, representing empty and occupied cells by corresponding species) were updated 
simultaneously. Individuals in each cell can only interact with their nearest four 
neighbours (von Neumann neighbourhood), similar to the case of pair approximation. As 
the initial condition of lattice states has a negligible effect on the model output (Hiebeler 
and Morin 2007), we randomly assigned the initial states to lattice cells with equal chance. 
The specific transition rules of cell states between consecutive time steps are provided in 
Table 1. The cellular automata were run until all global densities have reached 
equilibrium. We used the method in Yang et al. (2014) to evaluate whether the system has 
reached equilibrium by monitoring and comparing global densities every 100 time steps 
after an initial run of 1000 time steps. The system is considered to have reached its 
equilibrium if the differences in global densities between these runs with gaps of 100 time 














Coexistence mediated by competitive intransitivity and niche differentiation 
We continuously shifted the system from a transitive network (   (   )  ) to a pure 
intransitive competition loop (    ) (Fig.2). The average change in invasion growth rate 
  ̅̅ ̅̅  was calculated along two spectra: competitive transitivity (  ) and niche overlap ( ). 
As shown in Fig.3a, there exists a critical transition in the parameter space (around 
           , from interpolation), where the contribution of competitive intransitivity 
to species coexistence shifts from positive (  ̅̅ ̅̅   , area with reddish colours where 
           ) to negative (  ̅̅ ̅̅   , area with blueish colours where            ). 
Therefore, competitive intransitivity only facilitates species coexistence when both the 
levels of intransitivity and niche overlap are high (in other words, a high intransitivity and 
low niche differentiation).  
Fig.3b shows the bifurcation condition between species coexistence and extinction. 
We noted that the range of transitivity (  ) to trigger species extinction has widened (i.e. 
the range of intransitivity to facilitate species coexistence has narrowed) with the increase 
of niche overlap from moderate to high levels. However, increasing niche overlap (k) does 
not necessarily lead to species extinction when the system harbours high or low 
intransitivity (small   ). In particular, when the system is transitive (    ; akin to 
intraguild competition), competition favours species 1 over 3. High niche overlap would 
impose a high level of competition pressure to species 3. In such a transitive network, 
stable coexistence is only possible under low levels of niche overlap. In other words, niche 
differentiation is necessary for species to stably coexist in transitive networks. In contrast, 
in an intransitive community (    ), species coexistence can be achieved under the full 
spectrum of niche overlap. 
Three scenarios of species coexistence can be clarified in the parameter space of Fig.3 
from the interplay of two mechanisms – competitive intransitivity and niche 
differentiation. First (left hand of the plot), with a high niche differentiation (   ), 
intraspecific competition becomes much greater than interspecific competition, 
supporting the traditional coexistence theory of niche differentiation. Second (right hand 
of the plot), with a high niche overlap (e.g.      ) that has reduced the competition 
asymmetry (see next section), some level of intransitivity is still needed to ensure species 
coexistence. Finally (rest of the plot), niche differentiation and competitive intransitivity 
can supplement each other and jointly promote species coexistence under moderate niche 
overlap (         ). 
 
Competition asymmetry and local interactions  
To explore the robustness of above results under different levels of competition 
asymmetry between species that is proportional to    , we repeated the above analyses 
of our system under pair approximation at different levels of  , ranging from 0.3 to 0.7 
(Fig.4a). We compared the results with corresponding ones from the system under the 
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It is evident that species coexistence is not possible in systems lacking intransitivity 
but with high niche overlap (top right corner of the plot), and the parameter zone for 
extinction steadily enlarges when moving from a neutral community (no competition 
asymmetry between species with   close to 1) to a community dominated by asymmetric 
competition (  close to 0). Competition asymmetry was also found to strongly affect how 
much intransitivity promotes species coexistence. Highly symmetric competition (i.e. 
neutral competition with   close to 1 in Fig.4a) resulted in narrowing the parameter 
range of intransitivity-facilitated coexistence (reddish part in the bottom right of the plot). 
However, excessive competition asymmetry can also hamper intransitivity-facilitated 
coexistence which is maximised with a moderate competition asymmetry in communities 
of local interactions (      in Fig.4a). In general, compared to well-mixed interactions, 
local interactions allow wider parameter ranges for competitive intransitivity to facilitate 
species coexistence. In particular, for a low to medium level of niche overlap (      
 ), a range matching variation of niche overlap in natural systems (Chu and Adler 2015), 
we found little intransitivity-mediated coexistence in well-mixed systems. More details on 
how intransitive loops affect the outcome of competition between species under the 
mean-field assumption for well-mixed interactions are provided in Supplementary 
Material Appendix S3 and Fig. S1. 
 
Emergence of spatial patterns 
From the systems with local interactions under pair approximation, we explored the 
spatial patterns by first using equilibria of local density     
  depicting the degree to 
which species   is surrounded by empty cells, and the ratio of intraspecific to 
interspecific interaction rates,     
  (    
      
 ) (Fig.5). In Fig.5, we see that with the 
increase of niche overlap, both the ratios of intra- to interspecific interaction rates (Fig.5a) 
and the local densities adjacent to empty cells (Fig.5b) have increased. This suggests that 
with the increase of niche overlap and the intensified interspecific competition as a 
consequence, species become increasingly isolated from each other in space, forming a 
pattern of being globally rare but locally abundant. As the intensity of intransitive 
competition depends on local densities, rare species can still garner the benefit of 
intransitivity from being locally abundant. However, with well-mixed interactions under 
the mean-field assumption, interference competition (i.e.         in equation (6)) 
depends purely on global densities (   and   ), making a rare species with a low global 
density difficult to establish an effective intransitive loop and to rebound. As such, it is 
rather difficult for competitive intransitivity to facilitate species coexistence in 
communities with well-mixed interactions. 
With local interactions, the narrowing parameter region of intransitivity-mediated 
coexistence in Fig.4 under increasing levels of competition asymmetry (smaller   values) 
can be explained by those curves in Fig.5. Notably, communities with higher competition 
asymmetry are more sensitive to the increase of niche overlap (blue curve above red one 
in Fig.5 for low to moderate levels of niche overlap). This is because, with the increase of 
niche overlap, the intensity of interspecific competition increases in communities 
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segregated species distributions. However, further increases in niche overlap after its level 
has already reached a moderately high level (     ; Fig.5) can flatten or even reduce the 
probabilities of an individual surrounded by empty cells or individuals from other species 
(Fig.5). This is largely due to the formation of segregated species distributions that 
hamper the establishment of local intransitive loops. Without the intransitive loops 
facilitating species coexistence, population sizes are expected to drop, further reducing the 
local encounter rate between individuals of different species. 
Above analytic results for communities with local interactions have been validated by 
simulations from cellular automata (Fig.6). In particular, with moderate competition 
asymmetry (     ) and purely intransitive interactions (    ), we explored the spatial 
dynamics under three levels of niche overlap:        (low), 0.25 (medium) and 0.8 
(high). As shown in Fig.6, both niche differentiation and competitive intransitivity can 
facilitate species coexistence, but in different ways. With little niche overlap (      ), 
intraspecific interactions become the dominant force that can drive species distributions 
to become scattered and well mixed. In this scenario species coexistence is predominantly 
maintained by niche differentiation (left column in Fig.6). In contrast, with medium or 
high levels of niche overlap (          ; middle and right columns in Fig.6), the spatial 
dynamics are not static but constantly evolving. Strong interspecific competition creates 
both a certain number of empty sites and more clustered distributions of species. In such 
case, species coexistence is largely maintained by local cyclic interactions. Finally, 
compared with systems with lower levels of niche overlap, species with smaller 
equilibrium population sizes in systems with high niche overlap also often experience 
much greater fluctuations (bottom row in Fig.6). This is because pure intransitivity with 
large competition asymmetry can typically produce population oscillation (Vandermeer 
2011), while a moderate level of niche difference, even if not strong enough to stabilise 
coexistence, can still slow down competitive elimination (Gallien et al. 2017b) by 
suppressing population oscillation.  
 
Discussion      
Interplay of intransitivity and niche differentiation 
We have developed here a three-species competition model with local interactions using 
pair approximation and investigated the interplay of niche differentiation and competitive 
intransitivity in facilitating species coexistence. By formulating local densities that 
describe the rates of intra- and interspecific interactions, we have effectively captured the 
community dynamics under local interactions. Unlike systems with well-mixed 
interactions that were formulated under the mean-field assumption and suggested little 
role of competitive intransitivity at play in facilitating species coexistence besides niche 
differentiation (Gallien et al. 2017b, Godoy et al. 2017), our model suggests that both 
mechanisms are important in communities with local interactions. The specific way that 
these two mechanisms interplay in supporting species coexistence depends on how the 
levels of niche overlap and competition asymmetry play out in local interactions. 
Transitive communities cannot ensure species coexistence in the absence of niche 
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difference to allow species coexistence. Consequently, species extinctions tend to occur in 
communities with a high niche overlap and strong transitive interactions (Fig.3). In such 
cases, the condition for species coexistence is akin to those of a three-species module 
engaging in intraguild predation or competition, with one intraguild predator, intraguild 
prey and a shared resource species. Standard models on intraguild predation suggest that 
species are less likely to stably coexist with each other unless the intraguild prey can 
consume the shared resource more efficiently than the intraguild predator (Holt and Polis 
1997). A subsequent work from Holt and Huxel (2007) further proved that exclusive 
resources that can only be accessed by the intraguild prey or predator can alter this 
restriction on species coexistence.   
For systems with competitive intransitivity, we have shown that strong niche overlap 
does not necessarily lead to species extinction. Rather, species coexistence can be 
modulated by pairwise niche difference, competitive intransitivity, or both. Specifically, 
with little niche overlap, intraspecific conflicts are more important than interspecific 
interactions in regulating community assembly, as highlighted in the ‘modern coexistence 
theory’ (Chesson 2000, Chesson and Kuang 2008). Such an overemphasis on intraspecific 
interaction, inevitably, downplays the role of interaction structure, be it transitive or 
intransitive, in regulating species coexistence and community stability. In such cases, 
niche difference becomes the sole mechanism that explains species coexistence.  
With high levels of niche overlap when species are competing for similar resources, 
competitive intransitivity entangles species to become ‘ecologically equivalent’ and 
consequently mitigates the chance of extinction from interspecific competition (Laird and 
Schamp 2006), much like the assumption of ecologically equivalent species in the neutral 
model (Hubbell 2001). Although neutral dynamics can explain a number of community 
assembly patterns (Chave et al. 2002, Tilman 2004, Purves and Pacala 2005), its 
assumption of ecological equivalence between species might not be common in nature 
(Holt 2006, McGill et al. 2006). Competition, and more generally the network of biotic 
interactions, plays an important role in explaining species distributions and community 
assembly patterns (Grime 1979, Schoener 1983, Gotelli and McCabe 2002, Bosc et al. 2018, 
Latombe et al. 2018, Hui and Richardson 2019, Steidinger et al. 2019). As competitive 
intransitivity can allow species to coexist without neglecting the importance of 
competition itself in community assembly (Soliveres et al. 2018), it is time to expand the 
coexistence theory in network and community ecology to incorporate competitive 
intransitivity (Laird and Schamp 2006).  
With partial niche difference between species, both mechanisms (niche differentiation 
and competitive intransitivity) can jointly promote species coexistence. Although weak 
intransitivity alone is not sufficient to counteract the pressure from competitive exclusion, 
niche differentiation can compensate the need for stabilising force to allow species 
coexistence (as shown in Fig.3). This suggests that the evidence of intransitive interactions 
found in many species-rich communities does not mean it the sole mechanism of diversity 
maintenance, especially when species niches differ. Downplaying niche-related 
mechanisms can overstate the contribution of competitive intransitivity to species 
coexistence. To date, competitive intransitivity has been documented in many ecological 











‘This article is protected by copyright. All rights reserved.’ 
 
and Allan 2018), while our results call for more attention on the condition for 
intransitivity to work effectively in promoting species coexistence. 
 
Competition asymmetry in local interactions 
Competition asymmetry between species can greatly modulate the contribution of 
competitive intransitivity to species coexistence in communities with local interactions. 
Along with the typical ‘equalising mechanism’ (Chesson 2000, Tilman 2004), suppressing 
interspecific competition relative to intraspecific competition enables coexistence (e.g. 
Barot and Gignoux 2004). However, in such a parameter range, our results suggest that 
the contribution of competitive intransitivity is rather weak (      in Fig.4a), with 
positive influence only detected in a pure intransitive loop, although such a weak 
contribution from intransitivity could also be due to the lack of notable competition 
asymmetry. As symmetric competition leads to fitness equivalence, the destabilising force 
of transitive interactions is also minimised. In such a case, population dynamics is largely 
neutral and controlled by drift and stochasticity due to equivalent fitness and similar 
niches between species (Adler et al. 2007). As competition asymmetry increases, the 
contribution of competitive intransitivity starts to rise (          in Fig.4a). Although 
we expected increased contribution from competitive intransitivity with widening 
competition asymmetry (according to the mean-field model), our pair-approximation 
model depicting local interactions suggested that this is not always the case. Highly 
asymmetric competition can eventually reduce the intransitivity-mediated coexistence 
(      in Fig.4a).  
The facilitating role of competitive intransitivity was maximised only with a moderate 
level of competition asymmetry, contrasting with mean-field results. This can be explained 
by the high conspecific aggregation resulting from excessive interspecific competition due 
to large competition asymmetry. Without empty sites or local spaces to afford multiple 
species adjacent to each other, the ‘rock-paper-scissors’ interaction loop cannot be 
assembled locally. If only two of the three species can simultaneously establish at a local 
area but without involving the third species, one of the established two can be 
competitively excluded (Gallien et al. 2017b). In such a scenario of local interactions, cyclic 
competition can only contribute to species coexistence within a narrow parameter range. 
Nevertheless, the parameter range for intransitivity-mediated coexistence has been 
widened under local interactions (pair approximation) when compared to the one under 
well-mixed interactions (mean-field assumption). As such, we attribute the enhanced 
intransitivity-mediated coexistence to local interactions. 
Dispersal limitation and spatial neighbourhood structure can have profound effects 
on population and community dynamics, especially for sedentary species such as plants 
that competing for resources at local scales (Harper 1977, Boots and Sasaki 2000, 
Dieckmann et al. 2000, Liao et al. 2013). Studies under the mean-field assumption usually 
assume competition intensity between species proportional to the encounter rate 
(product of the global densities of involved species), reflecting well-mixed interactions 
(Keddy and Shipley 1989, Ying et al. 2014). This contrasts with the non-random (co-
)distributions of most species (Condit et al. 2000, Bell 2005, Wang et al. 2010). Instead, 
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adjacent cells (Stoll and Weiner 2000), with the death rate reflecting mostly the impact 
from local competitors rather than the overall effect of global densities (Dieckmann et al. 
2000). Due to the fitness difference from niche overlap, conspecific individuals tend to 
form spatial clumps (Phillips and MacMahon 1981). Therefore, globally rare species can be 
locally abundant, which allows all species of an intransitive loop to coexist. However, such 
cyclic competition can trigger large fluctuations of species population density especially 
for those species with a low density at equilibrium (Fig.6). Indeed, as long as such 
segregated distributions are maintained, interspecific competition will be suppressed 
more than intraspecific competition, thus promoting stable coexistence (Murrell and Law 
2003, Yang et al. 2014). With such clumped and segregated spatial distributions, some 
have shown intransitivity-mediated coexistence can be enhanced (Edwards and Schreiber 
2010, Ulrich et al. 2017, Yitbarek and Vandermeer 2017). For instance, competitive 
intransitivity conbined with life-histoy tradeoffs have been documented in spatially 
structured communities (Edwards and Schreiber 2010). Dispersal limitation alone could 
suffice to generate spatial aggregation and thus promote species coexistence (Yitbarek and 
Vandermeer 2017). We here, by contrast, have highlighed the role of local interactions, 
together with competitive intransitivity and niche difference, in promoting species 
coexistence in spatial communities.  
Biotic interactions in nature are highly complex. We here only modelled pairwise 
interactions among three species. Higher-order interactions have been shown to greatly 
affect the stability of species-rich communities (Grilli et al. 2017, Mayfield and Stouffer 
2017). While higher-order interactions can promote species coexistence and stabilise 
randomly assembled communities including those with intransitive loops (Grilli et al. 
2017), a generic platform to study higher-order interactions has also been proposed to 
partition fitness into additive linear components (as in most Lotka-Volterra type models) 
and higher-order components (including both intraspecific and interspecific higher order 
interactions) (Mayfield and Stouffer 2017). Research on the role of higher-order 
interactions is only starting to gain momentum, with a set of metrics that empirical 
ecologists can use yet to be proposed, a challenge highlighted by Mayfield and Stouffer 
(2017). How Chesson’s (2000) pairwise niche overlap metric can be further developed to 
measure higher-order interactions remains to be seen. Besides, the greater impact of 
higher-order interactions to community stability needs to be counterbalanced by the fact 
that, with the time resolution increasing, the encounter rate of higher-order interactions 
can become negligible much faster than the encounter rate of pairwise interactions. 
Moreover, a species-rich community can harbour multiple interaction loops (intransitive 
or transitive cycles). For instance, a community with three species (as in our model) can at 
most form one intransitive loop (e.g. 1→2→3→1), while a community with four species can 
already include, at maximum, three intransitive loops (e.g. 1→2→3→4→1, 1→2→3→1, 
1→2→4→1). This can greatly affect the system stability and therefore species coexistence. 
Studies on quantitative loop analyses seem to provide a tentative platform (Levins 1966, 
1975, Justus 2005). Both higher-order interactions and complex interaction networks 
need to be considered in future studies to explore the role of interaction intransitivity in 
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Concluding remarks 
Our models have weaved competitive intransitivity into standard coexistence theories. By 
doing so, we could obtain a deeper mechanistic understanding of species coexistence. The 
pair approximation allowed us to explore the role of competitive intransitivity and other 
related coexistence mechanisms (niche differentiation and fitness equivalence) in 
communities with local interactions. We show that competitive intransitivity can become a 
dominant mechanism for species coexistence and biodiversity maintenance under high 
levels of niche overlap. Such an intransitivity-mediated coexistence could be strengthened 
in communities with moderate competition asymmetry, such as the sagebrush steppe 
community of Idaho (with a high level of niche overlap,       , and a moderate level of 
competition asymmetry,      over the range from 1.02 to 2.54, which corresponds to 
        in our scaled range from zero to one; Chu and Adler 2015). In such 
communities, future studies should thus focus more on the loss of species. Should the lost 
species be involved in intransitive loops, it might have greatly disrupted the initial 
intransitivity-mediated coexistence, potentially leading to extinction cascades. Here, we 
only investigated the simplest three-species system. In a species-rich community, more 
than one intransitive loop can be established (Buss and Jackson 1979, Soliveres et al. 
2015). The length, number and nested structure of loops can all play significant roles in 
regulating community stability (Huisman and Weissing 2001, Szabo and Czaran 2001, 
Allesina and Levine 2011). However, methods to accommodate more species for reliable 
predictions of assemblage-level dynamics is not a simple task (Hui and Richardson 2019). 
Future work should focus more on unveiling the finer structure of interaction matrices 
and linking network structure to the interplay of competitive intransitivity and niche 
difference. 
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Figure Legends
Figure 1: A schematic illustration of local interactions in our model formulated using pair 
approximation. The cell dynamics include three processes: birth, intraspecific and 
interspecific competition. Symbols 𝑖, 𝑗, 𝑙 (and 0) represent cell states. Arrows with the
corresponding probabilities indicate the state transition of the central cell from birth and 
mortality from intra- and interspecific competition. The central cell and the white cell 
form a pair in the pair approximation. Grey cells are other neighbouring cells to the central 
cell but are not part of the focal pair. Note, 𝜆 = 1/𝑧, where 𝑧 is the number of 
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Figure 2: The spectrum of transitive-intransitive continuum in a three-species system.
Arrows represent the competition between two species and point at the weaker 
competitor, with the formulae for net competition strength provided. Double lines 
represent negligible or equal net competition. From left to right, intransitivity (1 − 𝜃�)
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Figure 3: The influence domain of competitive intransitivity on species coexistence. a) A 
heat map of metric   ̅̅ ̅̅  as a function of transitivity and niche overlap. Colour bar: blue 
colours represent   ̅̅ ̅̅    while reddish colours represent   ̅̅ ̅̅   . b) Parameter range 
for coexistence, derived by solving the parameter region for      (       ). The 
entire parameter space was divided into two areas: coexistence and extinction. 
Transitivity ranged within           ], with      ,             ,       
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Figure 4: The influence domain of competitive intransitivity at different levels of 
competitive symmetry (                 ) and model assumptions (PA: pair 
approximation versus MFA: mean-field assumption). White lines separate coexistence 
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Figure 5: Spatial patterns at equilibrium against niche overlap  . (a)The ratio of intra- 
over interspecific interactions,     
  (    
      
 ); (b) The probability of neighbouring 
empty cells,     
 . Lines with different colours correspond to different competitive 
symmetries ( ). We chose      for a pure intransitive loop. Other parameter values are 














‘This article is protected by copyright. All rights reserved.’ 
 
Figure 6: Spatial dynamics of the cellular automata under three levels of niche overlap 
(               ). Top four rows exhibit snapshots of the spatial distributions at four 
time steps:                 . Dark blue: 0 (empty cells); light blue: species 1; yellow: 
species 2; red: species 3. The last row presents corresponding plots of population 
dynamics. Competitive transitivity           The dimension of the lattices is 
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Table Legend 
Table 1: Updating probabilities of the cellular automation from the states along the rows to the states along the columns.  
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